
REPORT DOCUMENTATION PAGE 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for rev» 
data needed and completing and reviewing this collection of information. Send comments regarding this bur^an estimstt-or ar 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports 
4302 Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty 
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.   

AFRL-SR-BL-TR-01- 
taining the 
r reducing 
22202- 

 r~.y a currently 

1. REPORT DATE (DD-MM-YYYY) 
October   10,   2001 

2. REPORT TYPE 
Final  Technical  Report 

4. TITLE AND SUBTITLE 
Dynamical Spectroscopy 

Chemistry 

of Prototypes in Condensed Phase 

6. AUTHOR(S) 
V. Ara Apkarian 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

University of California 
Department of Chemistry 
Rowland Hall 516 
Irvine, CA  92697-2025 

3. DATES COVERED (From - To) 
01/01/98 - 03/31/01 
5a. CONTRACT NUMBER 

5b. GRANT NUMBER 
F49620-98-1-0163 
5c. PROGRAM ELEMENT NUMBER 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

8. PERFORMING ORGANIZATION REPORT 
NUMBER 

20011126 110 
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
AFOSR/NL 
801 N. Randolph St. 
Arlington, VA  22203-1977 

AFOSR 

11. SPONSOR/MONITOR'S REPORT 
NUMBER(S) 

12. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH (AFOSR) 
NOTICF OF TFJAN.^^TTAL OTIC. THIS TECHNICAL RFPORT 

13. SUPPLEMENTARY NOTES HAS BEEN REVIEWED AND IS APPROVED FOR PUBLIC RELEASE 
LAWAFR1SQ-12. DISTRIBUTION IS UNLIMITED. 

14. ABSTRACT 
Significant accomplishments were made under the program of dynamical spectroscopy, aimed at elucidating details of chemical dynamics in condensec 
media. In fact, there now is a well-defined field of multi-dimensional spectroscopy, entirely aimed at the essence of what we had proposed. In the sam< 
natural vain of evolution, we developed the rather powerful technique of Time and Frequency Resolved Coherent Anti Stokes Raman Scattering 
(TFRCARS), as a tool that goes beyond the interrogation of interactions and molecular dynamics in condensed media. This four-wave mixing scheme, witl 
transform limited detection of evolving coherences, can be regarded as a complete experiment in the creation, manipulation, and interrogation of quantun 
coherences. As such, it foreshadows useful quantum control, be it for chemical or computational purposes. A significant part of our present effort is aimec 
at devising and implementing control with shaped pulses to demonstrate computational algorithms in the laboratory. The original inspiration for developin; 
TFRCARS was our aim to manipulate molecular wavepackets in regions where direct pumping could not be achieved, due to the inaccessible Franck 
Condon factors. The target of those studies was the detailed dissection of non-adiabatic dynamics in the condensed phase prototype of solvated molecula 
iodine. While significant progress has been made toward this end, both direct experimentation and theoretical understanding of this process remain 
somewhat illusive. Highlights of advances made in theory and experiment are given based on some 20 published works that have appeared during thi 

funding period, as a result of partial or total sunnorthv the grant. _ -  
15. SUBJECT TERMS 
Spectroscopy, Condensed Phase Chemistry 

16. SECURITY CLASSIFICATION OF: 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

17. LIMITATION 
OF ABSTRACT 

UL 

18. NUMBER 
OF PAGES 

19a. NAME OF RESPONSIBLE PERSON 
V. Ara Apkarian 
19b. TELEPHONE NUMBER (include area 
code) 
949-824-6851 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39.18 



Final Technical Report, 2001 

Dynamical Spectroscopy of Prototypes in Condensed Phase 
Chemistry 

AFOSR Grant F49620-98-1-0163 
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ABSTRACT 

Significant accomplishments were made under the program of dynamical 
spectroscopy, aimed at elucidating details of chemical dynamics in condensed media. In 
fact, there now is a well-defined field of multi-dimensional spectroscopy, entirely aimed 
at the essence of what we had proposed. In the same natural vain of evolution, we 
developed the rather powerful technique of Time and Frequency Resolved Coherent 
Ann* Stokes Raman Scattering (TFRCARS), as a tool that goes beyond the interrogation 
of interactions and molecular dynamics in condensed media. This four-wave mixing 
scheme, with transform limited detection of evolving coherences, can be regarded as a 
complete experiment in the creation, manipulation, and interrogation of quantum 
coherences. As such, it foreshadows useful quantum control, be it for chemical or 
computational purposes. A significant part of our present effort is aimed at devising 
and implementing control with shaped pulses to demonstrate computational 
algorithms in the laboratory. The original inspiration for developing TFRCARS was our 
aim to manipulate molecular wavepackets in regions where direct pumping could not 
be achieved, due to the inaccessible Franck-Condon factors. The target of those studies 
was the detailed dissection of non-adiabatic dynamics in the condensed phase prototype 
of solvated molecular iodine. While significant progress has been made toward this end, 
both direct experimentation and theoretical understanding of this process remains 
somewhat illusive. Highlights of advances made in theory and experiment are given 
based on some 20 published works that have appeared during this funding period, as a 
result of partial or total support by the grant. 



I.      Accomplishments and New Findings 

Many-Body Interactions ttl, T41 &r9l: One of the fundamental, outstanding 

problems in the treatment of chemical dynamics in condensed media is the issue of non- 

additivity of pair interactions, and corrections therein to construct effective, global, 
universal, semi-empirical methods that can be economically evaluated. This theme is 
one that we have developed with some care over the years, under refinements of what 
is generally referred to as diatomics-in-ionic-systems (DES), which is an extension of the 
diatomics-in-molecules method which explicitly includes couplings to excited ionic 
states. The most incisive analysis of the method and its generalization is discussed in [9]. 
There, it is shown that DES contains the essence of quantum induction and quantum 
dispersion, effects that cannot be included in any classical formulation in terms of 
distributed partial charges and centers of polarization. The most impressive 
demonstration of the accuracy of the method is in the nontrivial treatments of 
hydrogen bonded networks: the HF dimer [1], HP clusters [9], and the water molecule 
[4]. One of the important accomplishments of this approach is the unique interpretation 
of the stability of atomic oxygen in solid hydrogens [12], an experimental finding of 
ours which could not be rationalized without the DES framework. 

Solid hydrogens doped with atomic oxygen f!2l; In direct response to the 
cryogenic HEDM program of the AFOSR, we had carried out studies of O-doped solid 
D2 and solid Hj. While the general results with regard to the ground state OfP) atoms 
were no-controversial, we had also observed that 0(XD) atoms could radiate in the solid 
without bleaching. This would indicate unusual stability, since the atom-molecule 
reaction in the gas phase is not activated. As stated above, it was possible through DES 
that a many-body polarization develops in the solid state, one that generates a barrier 
along the solid state reaction coordinate. More generally, we were able to demonstrate 
unusual stability of the 0(3P) doped lattice, as evidenced by the fact that the guest 
diffusion could set until the destruction of the lattice [12]. This stability we had predicted 
previously, as arising from the increased density of the solid, due to the strong van der 
Waals forces around the impurity centers. In short, the system fits the requirements of 
a HEDM, scaling being a nontrivial task that has not yet been dealt with in earnest. We 
do not pursue these studies at present. 

Nonadiabatic Many-Body Dynamics and Quantum Time Correlations in 
Nonlinear Spectroscopy f2lr T61, flO], f!4l; Given global descriptions of electronic 



manifolds, a second challenge is the treatment of dynamics in multiple electronic 
surfaces, i.e. chemistry. With the DES construct, we have implemented this in the 
fundamental problem of hole migration, and localization in Helium clusters [6]. This 

system was chosen for its simplicity, hence the possibility of rigorously testing 
methods, and the availability of unexplained data on the fragmentation of ionized 
helium clusters. This nearly exact treatment of coupled electronic nuclear dynamics, has 
provided deep insights in the general problem of energy relaxation and charge 
localization in condensed helium, a subject that we have undertaken experimentally. All 
of the issues involved in non-adiabatic dynamics arise in nonlinear electronic 
spectroscopies, such as resonant Raman spectroscopy in condensed media [10, 14]. A 

most elegant theoretical framework for treating this subject in the most explicit time 
dependent quantum molecular dynamical approach was given in [14]. The method, 
semi-classical molecular dynamics in coherent state representation we first advanced for 
linear spectroscopy [2], then adapted for nonlinear spectroscopy along with the 
diagrammatic tool of time-circuit diagrams [10,14]. The three-time correlation that 
described the RR process, corresponds to hopping between electronic states in a 
coherence, propagating forward on bra (ket) states and backward on ket (bra) states, to 
form closed circuits of multiples of 2%. Here, the radiation field provides the non- 

adiabatic coupling between electronic states. Using the approach, we have explicitly 
evaluated the quantum three-time correlation function of a 36 degrees of freedom 
system, reproducing the experimental RR spectrum of I2 dissolved in liquid Xe. This, I 
believe is one of the most valuable theoretical developments in spectroscopy, in 
essence, we know how to evaluate any nonlinear process with interaction potentials as 
sole input. 

Time Frequency Resolved Coherent Anti-Stokes Raman Scattering (TJKKCARS) 
nil, ri3l, fl5l. ri8l. 1201: The four-wave mixing scheme of TFRCARS can be best 
understood in terms of the time-circuit diagrams mentioned above. The process is a 
direct three-time time correlation, between coherences and populations that are 
sequentially prepared by the application of three, non-collinear, fs pulses. In the ost 
complete implementation, a fourth pulse is used as gate [11], to measure the spectrally- 
dispersed time-resolved third-order polarization. We have carried out developments of 
the process in the gas phase, [11,15], to clearly identify the processes involved, and to 
map out the optical scattering process in terms of quantum logic gates implemented in 
the molecular Hubert space [13]. After showing that the required logic gates for 
executing arbitrary quantum computing naturally occurs in TFRCARS, we have 
illustrated how such gates can be put together to carry out an algorithm, and in 



particular the Deutsch-Jozsa algorithm which has become a benchmark for such 
implementations [20]. The method is of course highly useful in interrogations of 
molecular coherences in condensed media, and we have already implemented this 

approach in the solid state, to develop a detailed picture of vibrational dephasing in the 
model system of iodine isolated in rare gas solids [13, 18]. Beside providing a rather 
complete picture of dephasing through vibration and temperature dependence studies, 
this 4-wave mixing spectroscopy can be regarded as the first step in carrying out 
controlled stagings of curve crossings, a target that we intend to pursue along future 

developments. 
Dynamical spectroscopy and prototypes of condensed phase dynamics [31, f5l, 

[8JJ17]: A review article on this general subject, with over 400 references was published 
[5]. The article highlights the general issues, the progress of the field, and charts 
directions to tackle the fundamental unsolved problems. A significant part of the review 
outlines the progress achieved in Irvine, and science that has evolved from our lab. The 
important role of the time resolved approaches is perhaps best illustrated by the 
example of what can be learned about "Lattice dynamics from the eyes of the 
chromophore" [3]. There, we illustrate how details of interactions, and nonlinearity of 
dynamics and dissipation can be discerned directly, and the role of simulations in such 
developments. A rather incisive tool in the time dependent analysis is laser chirp, which 
can give vectorial information regarding evolving momenta [8]. More recently, we 
have also adapted vibrational self-consistent methods for the analysis of lattice 
dynamics [17], as a most accurate way of describing anharmonicities in the extended 
systems of interest. This was subsequently used in descriptions of dephasing to be 
observed through 4-wave mixing schemes [18]. 

A quantum bath, superfluid helium [7,16,19]: The most common descriptions of 
condensed media involve system-bath separations, where the system is developed 
quantum mechanically while the bath is approximated by various classical, semi- 
classical, or simply influence functional methods. What happens when the bath is 
quantum in nature? This begs the unescapable question of describing the many-body 
quantum mechanics of a quantum bath, and superfluid helium is the naturally occuring 

Bose condensate that can be experimented with. This we have developed methods for 
interrogating superfluidity on microscopic scales. In one of the more successful 
approaches to this problem we developed strong field excitation with fs pulses as the 
means for ionization, electron-hole recombination, Rydberg state preparation, and the 
interrogation of these Rydberg excitation centers in optical spectroscopy [7]. We have 
since developed the theoretical tools for describing interaction potentials of such 



excitations with the bath [16], and density functional methods have been adapted for 
solving the structures and energetics of solvation of such centers in the superfluid [19]. 
Through time-dependent density functional methods, we have already made significant 

progress in describing microscopic dynamics in these system, in an effort to be able to 
simulate the time dependent experiments that have already been carried out. These 

prototypes of quantum collective dynamics form one of the most exciting areas of 
current chemical physical research, with far reaching implications. 
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